Many studies have confirmed hops (Humulus lupulus L.) as the source of a number of physiologically active polyphenols, important for both brewing and potentially pharmaceutical purposes. The three-year screening of polyphenols and 23 free phenolics profile (HPLC/coulometric detection) showed a significant association of polyphenols and free phenolics with DPPH antioxidant potential and the genetically determined specificity of free phenolics composition in hops. Varieties of American origin have a different profile compared to European varieties. For the first time, the free phenolics hydroxycoumarins were detected in hops. The DPPH strongly correlated with total polyphenols and flavanoids (n = 95, r = 0.92, 0.93 respectively) and correlated negatively with alpha acids (n = 95, r = -0.73). The polyphenols and the DPPH decrease with increasing alpha acids both among varieties and within one variety. These findings can serve as a useful tool for hop selection in brewing or pharmaceutical production.
Introduction
It is generally accepted that hop (Humulus lupulus L.) cones are the source of a number of substances including polyphenols, important in terms of both brewing and health benefits. The influence of polyphenol substances on the quality of beer and its colloidal and sensory stability has been investigated for many decades, with often controversial results. Polyphenols are a highly diversified group of substances whose individual components are characterized by different properties in terms of chemical structure, antioxidant features, haze properties and hence an influence on beer stability. Hops is a specific raw material that has been investigated for the last few decades from the point of view of pharmaceutical use, as evidenced by the extensive review recently published by Karabín et al. (2016) .
Secondary metabolites formed in the cones of hops during the flowering and ripening, e.g., bitter acids, es-sential oils and polyphenols, are sensory active and have antioxidant and antimicrobial properties. Hop polyphenolics comprise 3% to 6% of the dry weight of hop cones (Moir, 2000) . The majority of polyphenols are located in the string and bract ("leaf associated polyphenols"), prenylflavonoids are secreted from lupulin glands together with bitter acids and essential oils (Almaguer et al., 2014) . Hop polyphenols are usually split into groups of flavonols, flavan-3-ols (catechins), phenolic carboxylic acids (groups of benzoic acid and cinnamic acid derivatives) and other phenolic compounds (prenylflavonoids, stilbenoids) (Biendl, 2009) .
The analytical methods used for the determination of polyphenols are classed according to the purpose of their use. Group methods are based on the specific reactivity of a particular group of polyphenols and are included in the brewing analytics. They include in particular the determination of total polyphenols, flavanoids and anthocyanogens. Procedures based on a high-performance liquid chromatography with a mass spectrometer detection (Olšovská et al., 2013; Kavalier et al., 2011; Inui et al., 2017) or HPLC with a coulometric detection (Floridi et al., 2003; Jandera et al., 2005; Jurková et al., 2010) are applied for a detailed description of the profile of a particular group of polyphenol substances.
Hop polyphenols can act as antioxidants with beneficial effects on civilization diseases, tumors, atherosclerosis, diabetes, Alzheimer's disease and Parkinson's disease that threaten a substantial part of the human population. Antioxidant effects of polyphenols are characterized by their ability to scavenge reactive oxygen (ROS) or nitrogen species in the radical reaction chains of living cells (Ross and Kasum, 2002; Nemzer et al., 2011) and by their ability to suppress some specific enzymes involved in the generation of reactive oxygen species (Pieta, 2000; Stoclet et al., 2004) , and they have a chelating effect on trace metal ions (copper and iron), thereby playing crucial roles in suppressing atherosclerosis (Quinones et al., 2013) . Some polyphenols are particularly antimicrobially active and exert an inhibitory effect on a wide range of pathogenic bacteria (Sendamangalam et al., 2011; Cermak et al., 2015; Cermak et al., 2017; Daglia, 2012) .
These properties of polyphenols are also manifested in the brewing process; the antioxidant and metal chelating activity helps to protect sensitive sensory active substances and improve the sensory stability of beer by suppressing the formation of stale flavor aldehydes (Mikyška et al., 2011; Boivin, 2008) .
Previous studies have suggested some links between the content and composition of polyphenols, antioxidant activity and the origin of hops. The level of polyphenols can depend on soil climatic conditions, weather conditions during vegetation and ripening, hop plant age and harvest time. Polyphenols in the cone mass are formed in the earlier stages of the vegetation of the hop plant, while the metabolites of the lupulin glands are mainly formed during maturation (Kavalier et al., 2011) . The content of polyphenols depends on the hop variety; aroma cultivars contain a higher number of polyphenols than bitter hops, because an increase in α-acids can only be obtained at the expense of the polyphenol content (Kammhuber, 2005) , and polyphenols extracted from hops using hot water are in a good relation with an antioxidant activity (Krofta et al., 2008) .
These findings were obtained under a variety of conditions. The aim of our three-year study was to specify the relationship between the origin of hop polyphenols, the free phenolic compound profile and antioxidant activity.
Material and Methods

Hop samples
Samples of freshly harvested dried hops of the most widespread Czech cultivars Saaz, Sladek, Premiant and Agnus were obtained from the Chmelařství Cooperative Žatec. Samples originating from all three growing areas, Žatec, Úštěk and Tršice were selected from a wider collection to cover the growing regions. In three consecutive harvests, 95 hop samples were analyzed for total polyphenols, anthocyanogens and flavanoids and antioxidant potential. In the last year of the study, part of the samples from each variety was analyzed by the HPLC/CoulArray method to assay the profile of free phenolic substances, i.e. phenolic acids and flavonoids. In this year, the polyphenols and the profile of free phenolic compounds of the nine cultivars, Saaz, Saaz Late, Bohemie, Sladek, Harmonie, Rubin, Premiant, Agnus and Vital were also evaluated. The hops originated from the experimental hop plant of the Hop Research Institute in Žatec.
Analyses
Finely ground hops were extracted with boiling water under reflux (4.0 g dry matter of hops per 1 liter). After cooling, the solid was separated by centrifugation for 15 minutes at 6,000 RPM. The procedure is virtually identical with the extraction according to the European Brewery Convention (EBC) (Method 7.14; Analytica-EBC, 2010) .
Total polyphenols (Method 7.14; Analytica-EBC, 2010): The determination is based on the reaction of polyphenols with ferric ions (ferric ammonium citrate) in an alkaline medium to produce a red color complex (photometry at 600 nm).
Anthocyanogens (Method 2.16.2; MEBAK, 2011): Anthocyanogens (leucocyanidins, the standard is delphinidin chloride) react under acidic conditions to form red oxonium salts (photometry at 550 nm).
Flavanoids (Method 9.12; Analytica-EBC, 2010): Flavanols (catechins and proanthocyanidins, the standard is catechin) react in an acidic environment with chromogen (p-dimethyl cinnamaldehyde) to give a green coloration (photometry at 640 nm).
Determination of free phenolic compounds: Free phenolics comprising 23 compounds were determined using coulometric detection HPLC according to the procedure previously developed by Jurková et al. (2010) . The quantified compounds included flavonoids: flavanols (catechin, epicatechin), flavonols (myricetin, quercetin, rutin), flavanone (naringin) and flavon (apigenin); free phenolic acids: hydroxycinnamic acids (ferulic, synaptic, p-coumaric, chlorogenic and caffeic acid), hydroxybenzoic acids (p-hydroxybenzoic, gallic, protocatechuic, genti-sic, vanillic and syringic); 4-hydroxyphenylacetic acid; hydroxycoumarins (4-hydroxycoumarin, umbelliferon, esculin and scopoletin). The results are given in μg/g of hops.
Determination of antioxidant activity: The antioxidant (antiradical) activity was determined using the DPPH free radical according to a procedure developed previously by Krofta et al. (2008) . The method particularly measures slowly reducing substances, especially polyphenols. ARP (antioxidant potential), i.e. an integrated decrease of DPPH value within 0-10 minutes of reaction, was determined.
Results and Discussion
A set of harvest samples of four significant domestic hop varieties, Saaz, Sladek, Premiant and Agnus was analyzed in three consecutive harvests for the content of polyphenols by group methods codified in the brewing method collections. The highest number of total polyphenols, as well as anthocyanogens and flavanoids was found in Saaz hops whereas the other three evaluated varieties did not differ significantly (Figure 1 , Table 1 ). An important source of variation in the content of polyphenols within a variety was the growing site, understood as a set of soil climatic conditions, the course of the weather in a given year and the age of the hop plant. All these factors can influence the chemical composition of the hop cone (Jelínek et al., 2012) . The relative standard deviation of the content of polyphenols within the varieties varied in the range of about 6% to 20%. The variability of polyphenols is thus comparable to that of alpha acids (Mikyška and Jurková, 2019) . The least significant factor in the monitored years was the harvest year. A significantly higher value of total polyphenols and antioxidant activity of the Sladek and Premiant varieties was determined only in harvest C versus harvest A.
The antioxidant potential (ARP), measured by the DPPH free radical, strongly correlated with polyphenol substances, and was also significantly higher in Saaz hops. The value of the antioxidant potential strongly Total Polyphenols (mg/g)
Alpha acids (g/100g)
Variety (at the confidence level P = 0.01) correlated with the polyphenols both in the whole set of hop varieties and in a particular variety ( Table 2) . ARP depended inversely on alpha acids, both in the case of the whole set (r = -0.73, P = 0.01), obviously due to the higher content of polyphenols and a low content of alpha acids in Saaz hops compared to the other three varieties, as well as within the set of Saaz hops (r = -0.42, P = 0.01). This is probably caused by the different dynamics of formation of different groups of secondary metabolites of hops during vegetation. Polyphenol substances in hop cones (bracts and strings) are formed especially when the cone volume increases, an increase in alpha acid amount in lupulin glands occurs during maturation (Kavalier et al., 2011) . Compounds collectively measured as "total polyphenols ", both phenolic acids and flavonoids, represent the widest spectrum of substances, all of which are capable of reducing ferric ions to ferrous. Only flavanols (catechins and proanthocyanidins) are determined as "flavanoids", whereas, e.g., flavonols and their glycosides are not detected. "Anthocyanogens" (leucoanthocyanidins, colorless catechins) are a group of substances capable of forming red-colored anthocyanidins in an acidic environment.
In order to obtain a more detailed view of hop monomeric polyphenols, part of hop samples from C harvest was analyzed on the profile of free phenolic substances using HPLC/CoulArray.
The total content of free phenolic compounds, as well as groups of flavanols (catechins), benzoic acid derivatives and cinnamic acid, was the highest in Saaz hops. Rutin (quercetin-O-rutinoside) was a major substance in the flavonol group, its amount being considerably higher in Saaz and Agnus varieties compared to Sladek and Premiant. The occurrence of hop hydroxycoumarins has been detected e.g. in wine (Ghiselli et al., 1998) , malt (Dvorakova et al., 2008) , and beer (Jandera et al., 2005) , but according to available information these substances have not yet been measured in hops. Their content was the lowest in Saaz hops ( Table 3) . It is obvious that the profile of free phenolic substances in the tested hop varieties differs not only in quantity but also in the ratio of the chemically related groups of polyphenols ( Figure 2 ). For example, in Saaz hops, 48% of the free phenolic compounds were flavanols while the proportion of flavanols in Sladek and Premiant hops was 29 and 27% respectively.
The above-mentioned varietal dependence was further tested on a broader spectrum of samples of nine hop varieties grown at one location, the experimental hop gardens of the Hop Research Institute in Žatec. The results of analysis of total polyphenols, anthocyanogens and flavanoids confirmed the above-mentioned variation, the highest values being measured for Saaz hops and genetically closely related cultivar Saaz Late (Figure 3) . Some genetically determined differences can be in the Fuggle group, similar to Northern Brewer, currently belonging to the Saaz group) and the variety of mixed origin (MIX) Rubin contained significantly higher amounts of hydroxycoumarins compared to the varieties of American origin and European origin of the Saaz group. Biosynthesis of coumarins takes place by ortho-hydroxylation of cinnamic acid to form coumaric acid, and its subsequent lactonization (Velíšek, 2002) . It is possible that in a particular group of hops this metabolic pathway is suppressed.
The content of chemically related phenolic compounds was correlated with the antioxidant potential of hops (Table 4) . A positive relationship, significant at P = 0.01, was found for flavan-3-ols (r = 0.921), cinnamic acid derivatives (r = 0.770) and chlorogenic acid derivatives (r = 0.894). However, due to the correlation between flavan-3-ols and phenolic acid groups, the contribution of the two types of compounds to antioxidant capacity cannot be assessed. The antioxidant potential of flavonoids is determined by their chemical structure, the number and position of OH groups on the aromatic nucleus, the OH groups at C4 'and C3' being the major determinants. Catechin and epicatechin therefore also belong to these substances (Nowak et al., 2014) . Conversely, a negative relationship at the level of P = 0.05 was found for antioxidant potential and hydroxycoumarins (r = -0.665). Varieties with a higher content of hydroxycoumarins had weaker antioxidant properties.
When using hops for pharmaceutical purposes or for producing various dietary supplements, the amount of substances that are the target of raw hops processing is important. The usage in beer brewing is specific in that the hop dose is governed by the desired bitterness of beer, and therefore it is determined by the content of alpha acids in the hop product. The ratio of the polyphenols and alpha acids is crucial for enhancing the content of polyphenol antioxidants in beer. It is obvious that the effect of hopping by aroma varieties with low alpha acids is significantly higher compared to bitter hop varieties ( Figure 5) . The influence of the year of harvest and the growing location on the ratio of polyphenols and alpha acids is considerably less significant ( Figure 6) . However, these factors may be influential in the event of extreme harvests.
Our study was focused both on the antioxidant profile of hop varieties and on revealing the varietal specificity of phenolic compounds profile in hops. A strong relationship to the antioxidant potential was confirmed for polyphenol content, catechins (flavanoids) and phenolic acids (total polyphenols). The study of free phenolic compounds has shown that the profile and content of polyphenols in hops appear to be significantly genetically determined, differing in American and European varieties. However, the contribution of different groups of free phenolics to antioxidant activity is still unclear because of the cross-correlations of groups of flavanoids and phenolic acids. Hydroxycoumarins were detected in hops for the first time, and their content was inversely related to the antioxidant potential of hops. The findings achieved in our study may be a useful tool for selecting hops in a brewery or to produce extracts for pharmaceutical purposes, but further research is needed to formulate varietal profiles.
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